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ABSTRACT
Dirichlet 0-branes, considered as extreme Type IIA black holes with spin carried by
fermionic hair, are shown to have the anomalous gyromagnetic ratio g = 1, consistent with
their interpretation as Kaluza-Klein modes.
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1 Dirichlet 0-branes
Dirichlet 0-branes enjoy a multiple personality. They are believed to be (in historical order):
1) The massive Kaluza-Klein (KK) modes associated with compactifying D=11
supergravity on a circle [1]. As such they carry mass Mn = jnj=R and charge Qn = n
where R is the S1 radius. Consequently, they saturate the BPS bound and belong to short
massive multiplets of D = 10; N = 2 supersymmetry belonging to the (44 + 128 + 84)-
dimensional representation of the SO(9) little group.
2) Extreme black holes of Type IIA string theory [2]. Since these D = 10 extreme
black holes preserve one half of the supersymmetry [3], they also belong to the same short
supermultiplets as the Kaluza-Klein modes. Moreover, they also have the same mass and
charge quantum numbers as the KK modes and may tentatively be identied with them [4],
in much the same way as KK string states may be identied with extreme black holes in
D = 4 [5, 6]. There is a curious dierence, however. In D = 4, spherically symmetric black
holes may represent spin-0 members of a KK supermultiplet. In D = 10, the (44 + 128 + 84)
multiplet has no SO(9) singlet, even though the Horowitz-Strominger black hole solution [2]
is spherically symmetric and preserves half the supersymmetry in the extreme limit [3]. We
shall return to this puzzle below.
3) The p=0 special case of surfaces of dimension p on which open strings can
end [7]. These strings obey Dirichlet boundary conditions, hence the name. Their Type I
origin also implies half of the available supersymmetry.
4) The partons of the Matrix Model [8]. In this picture, a charge n Dirichlet 0-brane
is a zero energy bound state of n singly charged 0-branes [9].
In the absence of a complete formulation of some overarching M-theory, each of the above
pictures is necessary and useful, and it is still worthwhile to perform consistency checks on
their presumed equivalence. One such check concerns the gyromagnetic ratios, similar to
the check performed for black holes and string states in D = 4 [10]. In this paper, we
compare the g-factors of Dirichlet 0-branes from the perspectives of (1) and (2). The black
hole calculation relies on generating the spin from the fermionic zero-modes as in [11, 10]
and yields the anomalous value g = 1, consistent with the KK result from compactifying on
a circle4.
2 g=1 from Kaluza-Klein arguments
Recall that for a Kaluza-Klein compactication from ve to four dimensions, it was shown
in [15] that all massive Kaluza-Klein states share a common gyromagnetic ratio of g = 1.
At rst sight, this is somewhat of a surprise, as tree-level unitarity ordinarily demands that
the gyromagnetic ratio takes on the \natural" value of g = 2 [16, 17, 18]. Consequently,
the value g = 2 is required in QED, in the Standard Model and indeed in the perturbative
sector of open string theory [19]. However this consideration is only important in the energy
range MPl > E > M=Q. Since Kaluza-Klein states have M  Q (which is also the BPS
4In this paper we assume for simplicity a direct product M10  S1 but, as discussed in [12], the D = 11
origin of Type IIA string theory [13, 4, 14] and the Dirichlet 0-brane interpretation work equally well when
the compactifying manifold is a U(1) bration.
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condition), we see that this range is essentially empty, and hence there is no conflict with
tree-level unitarity, gauge invariance or any other principle.
Although the gyromagnetic ratio is traditionally dened in D = 4 as a proportionality
relation between spin and magnetic moment 3-vectors, it turns out that there is a natural
generalization to arbitrary dimensions. To see this, we note that for D > 4 the angular
momentum is more properly represented not as a vector, ~J , but rather as the adjoint repre-
sentation of the SO(D − 1) rotation group, J ij (i; j = 1; 2; : : : ; D − 1). Similarly, both the
magnetic eld strength, Fij , and the magnetic dipole moment, 
ij, are in the 2-index anti-
symmetric representation as well, so that the magnetic dipole interaction in any dimension









J ij ; (2)
which reduces to the standard expression in D = 4.
Given this generalization of the gyromagnetic ratio, it is natural to wonder whether g = 1
is a universal property of Kaluza-Klein states in any dimension. In fact, since the results of
[15] are mostly dimension independent, they are easily extended to arbitrary dimension, thus
showing that g = 1 is indeed universally true. As an example, we consider the Kaluza-Klein
reduction of a massless d-form potential Cd with eld strength Kd+1 = dCd from D + 1 to










where for simplicity e2’, which determines the length-scale of the compactication, is taken
to be a constant. Furthermore, in order to examine the magnetic dipole interaction, it is
sucient to work to linear order in the Kaluza-Klein gauge eld A. In this case, the (D+1)-
dimensional equation of motion, rMKMN1Nd = 0, reduces to the following two equations
in D dimensions:
0 = DK1d − (r
A +Ar
 − e−2’@i)Ki1d + dr
A1Ki2d ;
0 = DKi1d−1 +
1
2
e2’F K1d−1 ; (4)
where D = r − A@i and antisymmetrization of the f1; 2; 3; : : :g is always implied.
Note that i denotes the compact coordinate and only takes on a single value in this case.
For z = z + 2L, the n-th Kaluza-Klein state has mass Mn = he−’ijnj=L = jnj=R measured
in the (D + 1)-dimensional metric5 and charge Qn = n=L. Here R is the radius R = Lhe’i.
For massive states (n 6= 0) we may employ the gauge condition Ci1d−1 = 0 to nally
arrive at the equation of motion









e2’F r1rC2d ; (5)
5Note that for D = 10 the usual string dilaton  is given by  = 3’=2. This explains the unconventional
factors in the expressions for the mass and radius.
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where the second term contains the magnetic dipole interaction and the last term represents
the Thomas precession. We have used the explicit form of the angular momentum generators







where all symbols are antisymmetric with weight one. Combining (1) and (2), we nally
obtain the result that g = 1 for the massive Kaluza-Klein modes of the d-form potential Cd.
Similar arguments may be used to show that g = 1 holds for the reduction of arbitrary elds
as well.
The general result of g = 1 for Kaluza-Klein states can also be understood from the
closed string point of view. While the left- and right-moving modes on the string world










(~SL and ~SR are contributions to the total spin from worldsheet left- and right-movers), it is
nevertheless possible to focus on a single Kaluza-Klein gKK . This has in fact been calculated







where Q and W are Kaluza-Klein and winding charge respectively. Therefore we see that
gKK = 1 for pure Kaluza-Klein states where W = 0. Note that although [20, 21] were
interested in four dimensions, the resulting g-factors are in fact valid in arbitrary dimensions
based on the denitions (1) and (2).
3 g=1 from black hole arguments
We now turn to the properties of the Dirichlet 0-brane, viewed as a soliton of ten-dimensional
Type IIA supergravity, and proceed to calculate its gyromagnetic ratio. In this case, the















F 2 ] ; (9)
where F = dA is the eld strength of the RR gauge boson A. Ignoring both B and C,
which do not play a role in the 0-brane solution, the relevant supersymmetry variations are
given by [22, 1]
e





































The 0-brane soliton was originally constructed in [2] as a ten-dimensional black hole




















0@1 + ke− 340
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1A : (12)
The properties of this solution may be determined asymptotically through an ADM proce-
dure. To read o the mass M , charge Q, angular momentum J ij, electric dipole moment





















for the metric (where !n = 2





















0. The bosonic 0-brane solution is spherically symmetric and hence appears to
have vanishing angular momentum and vanishing dipole moments. However, this is not
necessarily the case when fermion zero modes are included, as we see below. Note that in
D = 10, bosonic Kerr-type angular momentum associated with rotating black hole solutions
will play no role in determining the g-factor of Dirichlet 0-branes. The role of Kerr angular
momentum in four dimensions will, however, be discussed in section (4).
Comparing the mass with the charge, we nd that the 0-brane saturates the Bogomol’nyi





0 is the central charge. As a result, this state preserves
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exactly half of the supersymmetries as may also be seen from the supersymmetry variations


















where  = e−
7
24
0 with 0 a constant spinor. These supersymmetry variations clearly indicate
the splitting of the 32 (real) component spinor  into a set of Killing spinors, P+− = 0, and
a set of fermion zero mode spinors, P++ = +, where the half-supersymmetry projection
operator is given by P =
1
2
(1 γ0Γ11) and the overline indicates tangent space indices.
Before focusing our attention on the gyromagnetic ratio calculation, we note that it is the
presence of the fermion zero modes that ensures that the 0-brane lls out a complete super-
multiplet. In the absence of any fermion zero modes (i.e. in a hypothetical bosonic truncation
of the supergravity theory), the bosonic solution of (12) would describe a single spinless par-
ticle. However since the 0-brane soliton preserves exactly half of the ten-dimensional N = 2A
supersymmetry, there are 16 fermion zero modes present, corresponding to the non-trivially
realized supercharges Q+. Recall that the supersymmetry algebra in the rest frame is of the
form
fQ+; Q+g = M + jZj ; fQ−; Q−g = M − jZj ; fQ+; Q−g = 0 ; (16)
so that in an appropriate basis the 16 Q+ form a SO(16) Cliord algebra with two 128-
dimensional spinor representations. Making note of the special embedding of SO(9) in
SO(16) where 16! 16, 128! 128 and 1280 ! 44+84, this demonstrates that the D0-brane
soliton indeed lls out a complete (44 + 128 + 84)-dimensional representation of the massive
SO(9) little group.
Perhaps somewhat surprisingly, the Cliord vacuum associated with the bosonic solution
(12) must necessarily carry some non-trivial SO(9) spin. This may be seen by noting that
the 16 Q+’s can be grouped to form 8 complex pairs of creation and annihilation operators
on the Cliord vacuum. However there is no 8-dimensional representation of SO(9). Hence
any choice of the Cliord vacuum on which the creation/annihilation operators act would
break SO(9) invariance. The most natural choice allowing complex Q+ appears to follow
the decomposition SO(9)  SU(2)  SU(4) where 16 ! (2; 4) + (2; 4). In this case, the
Cliord vacuum corresponds to a SU(2) SU(4) singlet, (1; 1), while the complex creation
operators Qy+ transform as (2; 4). With up to eight creation operators acting on the Cliord
vacuum, the only SU(2)SU(4) singlets appear as jΩi and (Qy+)
8jΩi, where jΩi corresponds
to the bosonic solution (12). Since both the 44 and 84 dimensional representations of SO(9)
contain SU(2)  SU(4) singlets, we nd that the bosonic solution falls in general in some
combination of the 44 and 84 dimensional representations, and that it is not possible to
determine where it truly belongs based purely from the superalgebra alone. Nevertheless,
the complete resulting 0-brane supermultiplet is in precisely the correct (44 + 128 + 84)-
dimensional representation necessary to correspond to the massive Kaluza-Klein states of
the 11-dimensional supergraviton.
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Properties of the Dirichlet 0-brane superpartners may be derived by performing successive
supersymmetry transformations to the original bosonic solution. In particular, denoting the
bosonic solution by , complete information of its superpartners are encoded in the nite
transformation [11]
 −! e =  +  +
1
2
 +    : (17)
With 16 zero modes, this series does not terminate until order 16. However, since each ad-
ditional pair of supersymmetries brings in another power of the momentum, it is sucient to
work only up to second-order variations when considering properties of the dipole moments.
This approach was used in [10] to calculate both electric and magnetic dipole moments of
four-dimensional N = 4 black holes.
The double supersymmetry variation of the metric yields corrections to the mass and
angular momentum of the superpartners. Using g = −2iγ( ) and the gravitino
transformations for the 0-brane background from (15), we nd (for zero-mode spinors +)
g00 = 0 ; gij = 0 ; (18)
so in fact there is no mass shift among the dierent members of the supermultiplet. On
the other hand, we may read o the angular momentum from the asymptotics of the mixed














Using the ADM denition of (13), the resulting angular momentum is
J ij = −M(i+γ0
ij+) : (20)
More precisely, this expression may be used to determine the angular momentum carried by
any member of the 0-brane supermultiplet by choosing the fermion zero mode spinors +
appropriately to correspond to the given state.
For the RR gauge eld A, we nd

















+ gauge : (21)
The vanishing of A0 indicates that no electric dipole moment is generated for the super-






Finally, using the denition (2) for the g-factor, we see that indeed g = 1 for all states in
the 0-brane supermultiplet, in agreement with the expected Kaluza-Klein result.
7
4 Lower dimensions and U-duality
While we have shown above that Kaluza-Klein solitons have g = 1, this statement is easily
generalized to other 0-brane states as well through the inclusion of U-duality. In particular,
any 0-brane (in any dimension) that is U-conjugate to a Kaluza-Klein state must necessarily
have g = 1 as long as U-duality is valid. This result is most straightforward in the maximal
supergravities where all gauge bosons are graviphotons so that U-duality indeed relates all
0-branes to Kaluza-Klein states.
The bosonic 0-brane solutions [2] are easily constructed in any dimension, and in fact are
part of a large family of general p-brane solutions [24, 25]. To see this, we recall that p-branes
may be constructed as solutions to a general bosonic action of a scalar eld, ’, coupled to
a (p + 2)-form eld strength, Fp+2 = dAp+1, in the presence of gravity. Correspondence
to actual theories is then obtained by choosing the scalar coupling appropriately, and with
proper identication of ’ and Fp+2 with the actual supergravity elds. While this approach is
valid for the bosonic solutions, it does not appear possible to treat the fermions in an equally
general manner. In particular, since we are interested in the supersymmetric properties of
the 0-branes, each theory must be investigated individually.
To give further evidence for g = 1, we now examine 0-branes in eight-dimensional N = 2
supergravity. This theory has SL(3)  SL(2) U-duality, and has six 1-form gauge elds
transforming as (3; 2) under the U-duality group. Ignoring the 2-form and 3-form potentials,



















 ] ; (23)
where the seven scalars of the D = 8 N = 2 theory have been split into (b; e) describing
SL(2)=SO(2) and M = V TV with Vai being a coset representative of SL(3)=SO(3). For the
latter coset, the scalar kinetic terms, P, and composite SO(3) connection, Q, are given by
the decomposition of the Maurer-Cartan form, (@V V
−1)ab = P (ab) + Q
[ab]
 . Note that from
an M-theory point of view the six gauge elds split into three Kaluza-Klein elds, Ai, and
three elds coming from the reduction of the original 3-form potential, B i  ijkCjk. The
eld strengths are then given by F i = dAi and Gi = dBi + 2bF
i.
The relevant supersymmetries are [26]



















































bcdG d(Γabc − 4abΓc)]γ
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b(ΓcΓd − 12cd)d] ; (24)
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where we have used an 11-dimensional notation for the Dirac matrices, ΓM = fγ;Γig.
The 0-branes may be constructed by solving the rst-order Killing-spinor equations re-
sulting from setting the fermion variations in (24) to zero [10]. For a 0-brane charged under
the Kaluza-Klein elds Ai, we choose a half-supersymmetry projection P =
1
2
(1 γ0n^  Γ)
where n^ is a unit 3-vector selecting the U(1) component that the 0-brane is charged under.






















with resulting Killing-spinor equations











a = n^aγiγ0@iP+ : (26)
In this case,  = e−
5
12
0 where 0 is a constant spinor. Note that the rst order Killing-
spinor equations are incomplete in the sense that they do not fully determine the behavior
of e2. Only when the bosonic equations of motion are taken into account do we nd the
harmonic function condition, namely e2 = 1 + k=r5 for a spherically symmetric 0-brane
solution. In terms of k, the 0-brane has mass M = 5!6
22
k and a six-dimensional charge vector
Q = [ ~Q;~0] = [−5kn^;~0], where the rst entry denotes the three Kaluza-Klein charges and the
last one the three B i charges.
Following the procedure carried out above for the Dirichlet 0-brane, we now examine




resulting in a supersymmetry generated spin J ij = −M(+γ0ij+). The gauge eld variations




























j+)@j+ gauge ; (28)
indicating that superpartners carry both electric and magnetic dipole moments. Using the
asymptotics of (14), we nd the complete electric and magnetic dipole moment vectors of


























In particular, note the unavoidable presence of dipole moments that are not parallel to the
charge vector.
For the Kaluza-Klein gauge elds (the left-hand entries in (29)), we nd that the magnetic
dipole moment corresponds to g = 1 as expected. In addition to the magnetic dipole
moment, which is in the same Kaluza-Klein direction as the charge, there is an electric
dipole moment which is only non-vanishing in the two directions orthogonal to the charge
(since n^adai [A] = 0). This is indeed similar to the case of four-dimensional N = 4 BPS
black holes, where graviphoton electric dipole moments were found for electric black holes
[10] (also with the electric dipole moments orthogonal to the direction of the charge).
Turning to the three gauge elds B i, we see the interesting result that a magnetic dipole
moment is generated for the superpartners that is not in the direction of the charge. Since
n^aaij[B] = 0, only two of the three possible magnetic moments are non-zero. Furthermore,
since the zero-mode structure of aij [B] indicates that it is no longer parallel to the spin Jij ,
transition moments are necessarily present. Putting the electric charge in the rst Kaluza-
Klein eld, the various dipole moments may be represented schematically as








[ 1 0 0; 0 1 1 ] : (30)
This shows that the full 0-brane supermultiplet, in addition to having g = 1, in fact has
dipole moment couplings to all six graviphotons, regardless of which charge is originally
turned on. The dipole moments are split to give three electric and three magnetic moments,
which is suggestive of the SL(2) part of the U-duality group having some identication with
electric/magnetic duality.
Although we have focused on a Kaluza-Klein 0-brane in the eight-dimensional theory,
the above results must hold for all 0-brane solitons as long as U-duality is valid. We have
indeed veried this for the case of a 0-brane charged under B i. For such a solution we need
to consider the \dual" projection eP = 12(1γ0abcn^aΓbc), resulting in a 0-brane with similar
properties to the above, with the main dierence being ! − in this case.
Finally, the reader might be wondering what role is played by conventional rotating black
hole solutions of the Kerr type, carrying bosonic angular momentum. This was discussed
in [10, 27] in the context of identifying four-dimensional string states and extreme black
holes. The answer is that the Kerr angular momentum provides the superspin L of the
supermultiplet in question. Thus N = 8 KK states belong to an L = 0 supermultiplet and
hence the spins of all members of the multiplet come purely from fermionic hair. This is
consistent with their interpretation as the Dirichlet 0-branes of the present paper, in which
we perform a further T 6 compactication from D = 10 to D = 4. N = 4 KK states, on the
other hand, belong to an L = 1 supermultiplet and hence the spins of the members of the
multiplet are a combination of Kerr angular momentum and fermionic hair. Similar remarks
apply to N = 2, for which L = 3=2. For N = 0, all the KK modes derive their spin purely
from Kerr angular momentum.
The gyromagnetic ratios of conventionally rotating black holes in Kaluza-Klein theory
were calculated in [28], with the result g = 2 − v2 where v is the boost velocity in the
10
x5 (internal) direction. Since KK states saturating the BPS bound correspond to v = 1,
it follows that Kerr angular momentum also contributes g = 1 to the gyromagnetic ratio.
Thus the g = 1 result for KK states is a universal one, irrespective of the extreme black hole
interpretation of the particle’s spin.
5 Conclusions
In this paper we have calculated the gyromagnetic ratios of the Dirichlet 0-branes, regarding
them as extreme Type IIA black holes whose spin is generated by the fermionic zero modes.
We again nd g = 1 consistent with their interpretation as Kaluza-Klein modes. We also note
that, following the techniques discussed in [27], the Matrix model [8] parton interpretation,
in which a charge n 0-brane is a zero-energy bound state of n singly charged 0-branes, is
also (trivially) consistent with g = 1 since the tensor product of two short representations
each with g = 1 contains another short representation with g = 1. To complete the picture
it would be interesting to verify g = 1 also from the viewpoint of surfaces of dimension 0 on
which open strings can end [7].
Acknowledgment. JTL wishes to thank S. Ferrara and W. Sabra for useful discussions.
11
References
[1] M. Huq and M. A. Namazie, Kaluza-Klein supergravity in ten dimensions, Class.
Quantum Grav. 2 (1985) 293.
[2] G. T. Horowitz and A. Strominger, Black strings and p-branes, Nucl. Phys. B 360
(1991) 197.
[3] M. J. Du and J. X. Lu, Type II p-branes: The brane scan revisited, Nucl. Phys. B
390 (1993) 276.
[4] P. K. Townsend, The eleven-dimensional supermembrane revisited, Phys. Lett. B 350
(1995) 184.
[5] M. J. Du and J. Rahmfeld, Massive string states as extreme black holes, Phys. Lett.
B 345 (1995) 441.
[6] M. J. Du, Kaluza-Klein theory in perspective, in U. Lindstrom, editor, Proceedings
of the Nobel Symposium Oskar Klein Centenary, Stockholm, September 1994 (World
Scientic, 1995), hep-th/9410046.
[7] J. Polchinski, Dirichlet-branes and Ramond-Ramond charges, Phys. Rev. Lett. 75
(1995) 4724.
[8] T. Banks, W. Fischler, S. H. Shenker and L. Susskind, M theory as a matrix model: A
conjecture, Phys. Rev. D 55 (1997) 5112.
[9] S. Sethi and M. Stern, D-brane bound states redux, hep-th/9705046.
[10] M. J. Du, J. T. Liu and J. Rahmfeld, Dipole moments of black holes and string states,
Nucl. Phys. B 494 (1997) 161.
[11] P. C. Aichelburg and F. Embacher, Exact superpartners of N = 2 supergravity solitons,
Phys. Rev. D 34 (1986) 3006.
[12] M. J. Du, H. Lu¨ and C. N. Pope, Supersymmetry without supersymmetry, Phys.
Lett. B 409 (1997) 136.
[13] M. Du, P. Howe, T. Inami and K. Stelle, Superstrings in d = 10 from supermembranes
in d = 11, Phys. Lett. B 191 (1987) 70.
[14] E. Witten, String theory dynamics in various dimensions, Nucl. Phys. B 443 (1995) 85.
[15] A. Hosoya, K. Ishikawa, Y. Ohkuwa and K. Yamagishi, Gyromagnetic ratio of heavy
particles in the Kaluza-Klein theory, Phys. Lett. B 134 (1984) 44.
[16] S. Weinberg, Dynamic and algebraic symmetries, in Lectures on Elementary Particles
and Quantum Field Theory (MIT Press, Cambridge, 1970).
12
[17] S. Ferrara, M. Porrati and V. L. Telegdi, g = 2 as the natural value of the tree-level
gyromagnetic ratio of elementary particles, Phys. Rev. D 46 (1992) 3529.
[18] R. Jackiw, g = 2 as a gauge condition, hep-th/9708097.
[19] P. C. Argyres and C. R. Nappi, Massive spin 2 bosonic string states in an electromagnetic
background, Phys. Lett. B 224 (1989) 89.
[20] J. G. Russo and L. Susskind, Asymptotic level density in heterotic string theory and
rotating black holes, Nucl. Phys. B 437 (1995) 611.
[21] A. Sen, Black hole solutions in heterotic string theory on a torus, Nucl. Phys. B 440
(1995) 421.
[22] I. C. G. Campbell and P. C. West, N = 2, D = 10 non-chiral supergravity and its
spontaneous compactication, Nucl. Phys. B 243 (1984) 112.
[23] R. C. Myers and M. J. Perry, Black holes in higher dimensional space-times, Ann. Phys.
172 (1986) 304.
[24] M. J. Du and J. X. Lu, Black and super p-branes in diverse dimensions, Nucl. Phys.
B 416 (1994) 301.
[25] M. J. Du, R. R. Khuri and J. X. Lu, String solitons, Phys. Rep. 259 (1995) 213.
[26] A. Salam and E. Sezgin, d = 8 supergravity, Nucl. Phys. B 258 (1985) 284.
[27] M. J. Du and J. Rahmfeld, Bound states of black holes and other p-branes, Nucl.
Phys. B 481 (1996) 332.
[28] G. W. Gibbons and D. L. Wiltshire, Black holes in Kaluza-Klein theory, Ann. Phys.
167 (1986) 201.
13
